A leaky rice mutant was isolated from an ethylmethane sulfonate (EMS)-mutagenized rice library based on its short root phenotype. The map-based cloning results showed that the mutant was due to a point mutation in the intron of OsDGL1 (LOC_Os07g10830), which encodes the dolichyl-diphosphooligosaccharide-protein glycosyltransferase 48 kDa subunit precursor. The mutation results in premature termination of protein synthesis. OsDGL1 is an ortholog of Arabidopsis DGL1, human OST48 and yeast WBP1, an essential protein subunit of the oligosaccharyltransferase (OST) complex, which is involved in N-glycosylation in eukaryotes. The leaky rice mutant, Osdgl1, displayed a change of matrix polysaccharides in its root cell wall, shorter root cell length, smaller root meristem and cell death in the root. Consistent with the known function of the OST complex in eukaryotes, the Osdgl1 mutation leads to a defect in N-glycosylation in the root. It was also found that reactive oxygen species (ROS) may be involved in this process.
Introduction
In eukaryotes, the endoplasmic reticulum (ER) is an important organelle. Proteins destined to be secreted or integrated into membranes are glycosylated in the ER. More than 70% of proteins are glycosylated (Mononen and Karjalainen 1984) . Most secretory proteins synthesized in the ER are modified by N-glycosylation. N-Glycosylation is achieved by attachment of the pre-assembled core glycan, glucose 3 -mannose 9 -N-acetylglucosamine 2 oligosaccharide, to a specific asparagine residue in the glycosylation consensus sequence Asn-X-Ser/Thr of a target protein. The reaction is catalyzed by an oligosaccharyltransferase (OST) multisubunit complex in the ER membranes . N-Glycosylation plays a crucial role in the biological function and physicochemical properties of many proteins and is essential for proteins to adopt their native structure and exit the ER en route to their final destination (Helenius and Aebi 2001) . Mutant analyses have shown that several steps of the N-glycan synthesis pathways are vital and contribute to plant development and defense (Jiang et al. 2005 , van der Hoorn et al. 2005 , Pattison and Amtmann 2009 , Saijo et al. 2009 , Haweker et al. 2010 , Jadid et al. 2011 .
The OST complex organization and the transfer mechanism of the oligosaccharide precursor onto proteins are not fully understood. Most biochemical and genetic studies have been carried out in Saccharomyces cerevisiae (Knauer and Lehle 1999) . In S. cerevisiae, protein N-glycosylation is catalyzed by the OST complex, which consists of at least eight different subunits, i.e. Ost1p, Ost2p, Wbp1, Stt3p, Swp1p, Ost4p, Ost5p and Ost3/Ost6p (Silberstein and Gilmore 1996 , Knauer and Lehle 1999 , Weerapana and Imperiali 2006 . Five of these OST subunits have been determined to be essential for cell viability. In humans and other eukaryotes, homologs of these proteins have also been found (Knauer and Lehle 1999, Ruiz-Canada et al. 2009 ). Homologs to these essential OST subunits have also been found in Arabidopsis, including AtDAD1 and AtDAD2 (homologs of yeast Ost1 and Ost2, respectively), AtSTT3A and AtSTT3B (homologs of yeast Stt3), AtDGL1 (homolog of yeast Wbp1) and AtHAP6 (homolog of yeast Swp1). AtDAD1 and AtDAD2 are thought to be involved in apoptosis and are able to complement a dad1 mutation in CHO cells (Gallois et al. 1997) . Overexpression of these genes suppressed the onset of DNA fragmentation under UV-C exposure in Arabidopsis . In Arabidopsis, a T-DNA insertion in STT3A had been isolated in a screen for salt/osmotic stress-hypersensitive phenotypes, and a UPR (unfolded protein response) in the mutant stt3a was induced due to protein hypoglycosylation. STT3A and STT3B encode the STT3 OST subunit, but only STT3A controls the adaptive response to salt stress. Moreover, the single mutants stt3a-1 and stt3b-1 are both viable, but the double mutant is gametophytic lethal, suggesting that the plant STT3a and STT3b isoforms have partially overlapping roles (Koiwa et al. 2003) . Mutation in AtHAP6 increases both the density and length of lateral roots. AtHAP6 negatively regulates lateral root initiation through direct/indirect transcriptional repression of lateral root-promoting factors, such as AUXIN RESPONSE FACTORS (ARFs) and GATA23 (Singh et al. 2012 ). Atdgl1-1 (for defective glycosylation1) was isolated in a screen for mutants that harbor cell wall defects. DGL1-1 is an essential OST subunit, ortholog of human Ost48 and yeast Wbp1. Mutations in this gene exhibit protein under-glycosylation and severe developmental phenotypes in Arabidopsis (Lerouxel et al. 2005, Liu and Howell 2011) .
In this study, we isolated and characterized a leaky rice mutant Osdgl1, which resulted from a mutation in a rice OST subunit OsDGL1. OsDGL1 is an ortholog of AtDGL1, human Ost48 and yeast Wbp1. Osdgl1-1 mutant exhibits a defect of N-glycosylation, a change of matrix polysaccharides in the cell wall and cell death in the root. We also found that reactive oxygen species (ROS) may be involved in this process.
Results

Isolation of the Osdgl1 mutant in rice
One mutant showing a short root was isolated from an ethylmethane sulfonate (EMS)-generated rice (O.indica, Kasalath) mutant library (Fig. 1a, b) . The mutant was named Osdgl1 based on the gene cloned in the mutant. The plant growth of the Osdgl1 mutant was retarded and showed a defect in post-embryonic root development, Compared with the wild-type (WT) plant, primary and lateral root elongation of the mutant was arrested under normal solution culture conditions (Fig. 1a, c) . Crown root number, lateral root number and root hair were not affected in the Osdgl1 mutant (Fig. 1c) . This indicates that the effect of OsDGL1 on root development is specific to root elongation.
To determine whether the short root phenotype of Osdgl1 is due to defects in root cell elongation or division, root longitudinal sections for the WT and Osdgl1 were investigated. The results showed that the cell length of mature epidermal cells in Osdgl1was only one-third of that of those in the WT (Fig. 1d, e) . However, the radial patterns of cell organization in the root apical meristem (Kang et al. 2008 ) seem normal in the mutant (Fig. 1d) . This indicated that the process of cellular differentiation was not affected in Osdgl1. To examine root cell division, a mitotic activity reporter, OsCYCB1,1:GUS (b-glucuronidase) (Colon-Carmona et al. 1999) , was incorporated into the mutant. The region expressing OsCYCB1,1:GUS in the root meristem of the mutant was smaller than that in the WT (Fig. 1f) . Together, these data suggest that the short root phenotype of Osdgl1 results from defects in both root cell elongation and division.
Increases in ROS concentration and cell death were observed in the root tips of the Osdgl1 mutant
The roots of the Osdgl1 mutant were more fragile than those of the WT. Staining of 7-day-old seedling roots with Evans blue (Gaff and Okong'O-gola 1971) revealed large patches of stained cells along the roots of Osdgl1 mutant plants ( Fig. 2a-d) , especially near the root tips, indicating that cell death had occurred. To investigate the relationship between cell death and ROS concentration, the amount and distribution of ROS in root tissue from WT and mutant plants were examined. In situ detection of O À 2 was performed using nitroblue tetrazolium chloride (NBT) staining (Carol et al. 2005) , whereas H 2 O 2 was analyzed using 3,3-diaminobenzidine (DAB) staining (VeljovicJovanovic et al. 2002) . The results showed that basal H 2 O 2 concentrations were higher in the roots of the Osdgl1 mutant plants compared with WT seedlings (Fig. 2i-l) . H 2 O 2 accumulated at the root tip where cell death was observed, as evidenced by Evans blue staining ( Fig. 2a-d) . The degree of NBT staining, and hence the amount of O À 2 in the roots, was similar in WT and Osdgl1 (Fig. 2e-h ).
Cloning of the OsDGL1 gene
To identify the gene for the phenotypic traits in the mutant, the Osdgl1 mutants were crossed with Nipponbare (japonica). The F 1 seedlings displayed a WT phenotype and their F 2 progeny showed a segregation of WT and Osdgl1 phenotypes at a ratio of 3:1 (157:40, 2 = 1.73 < 2 0.05 = 3.84; P > 0.05), suggesting that the short root phenotype in the Osdgl1 mutant plants is controlled by a single recessive gene. Fine mapping of the OsDGL1 locus was achieved using 1,354 Osdgl1 mutant plants. The OsDGL1 locus was localized to a region of 103 kb between two sequence-tagged site (STS) markers, STS7g5849K and STS7g5952K, on chromosome 7 (Fig. 3a) . Several open reading frames were predicted in this region according to The Institute for Genomic Research (TIGR) annotation (http://rice.plantbiology.msu.edu/). Sequencing analysis revealed a single point mutation in a gene encoding the dolichyl-diphosphooligosaccharide-protein glycosyltransferase 48 kDa subunit precursor (LOC_Os07g10830), which encodes a protein that is similar in sequence to AtDGL1 ( Supplementary Fig. S1 ), so we named it OsDGL1. The OsDGL1 gene is 4,134 bp in length, and contains 13 exons and 12 introns. The protein-coding region of OsDGL1 is 1,320 bp (Fig. 3b) . The protein structure is consistent with the annotated version generated by the National Center for Biotechnology Information (NCBI; http:// www.ncbi.nlm.nih.gov/), with a conversed DDOST_48kD domain from amino acid 43 to 439 in the protein (Fig. 3c) . The point mutation in intron 9 at 3,339 bp changes A to G. Sequencing the mRNA of the OsDGL1 gene in the WT and Osdgl1 showed that although the mature mRNA sequence of the OsDGL1 gene was found in the WT and Osdgl1, an immature mRNA sequence, with 71 bp of intron 9 in the mRNA sequence, was also found in Osdgl1 ( Supplementary Fig.  S2a ), which resulted in premature termination of protein synthesis at amino acid 337 (Fig. 3c) . We further analyzed the expression of OsDGL1 in the WT and Osdgl1. It was found that the expression level of mature mRNA and immature mRNA in Osdgl1 was almost the same, and the mature mRNA of OsDGL1 in Osdgl1 was obviously lower than that in the WT, perhaps resulting in lower functional OsDGL1 protein in Osdgl1 than in the WT plants ( Supplementary Fig. S2b ).
A complementation test was conducted using a 6.1 kb genomic DNA fragment containing the entire candidate gene via the promoter of OsDGL1 and subcloned into the plant transformation vector pCAMBIA1300, which was transferred into the Osdgl1 mutant through Agrobacterium tumefaciensmediated transformation. A series of progeny from these transformants displayed a WT phenotype and the short root phenotype was restored to the levels of WT plants (Fig. 3d ).
Expression pattern of OsDGL1
To examine the tissue expression pattern of OsDGL1, we developed a OsDGL1::GUS fused gene via the promoter of OsDGL1. This fused gene can rescue the Osdgl1 mutant phenotype, indicating that the OsDGL1-GUS protein functions equivalently to the native OsDGL1. The GUS staining in transgenic plants indicated that OsDGL1 was ubiquitously expressed in all plant organs, including the root, leaf, stem and spikelet ( Fig. 4a- 
n).
OsDGL1 is expressed in primary and lateral roots. Strong expression was observed in root tip, meristem and lateral root initiation regions (Fig. 4a-i) .
The Osdgl1 mutation causes protein underglycosylation OsDGL1 encodes a protein that is similar in sequence to Arabidopsis DGL1 (72.9% amino acid identity and 87.0% similarity), S. cerevisiae WBP1 (25.0% amino acid identity and 50.1% similarity) and human OST48 (44.8% identity and 63.4% similarity) (Kelleher et al. 1992 , te Heesen et al. 1992 , Lerouxel et al. 2005 . These proteins were identified as ER type I membrane glycoproteins that are required for OST activity (te Heesen et al. 1992, Knauer and Lehle 1999, Lerouxel et al. 2005) . The rice genome does not contain another DGL1 homolog. DGL1, like its animal and yeast orthologs, is an essential protein involved in N-glycosylation in Arabiodpsis (Lerouxel et al. 2005) . Mutation of AtDGL1 causes the underglycosylation of proteins as a result of a reduced transfer of the N-glycan precursor oligosaccharide to asparagine residues (Lerouxel et al. 2005) . To investigate N-glycosylation in Osdgl1-1, a peroxidase-conjugated concanavalin A (Con A) reagent, which binds to branches of oligomannose chains on N-glycoproteins (Lerouxel et al. 2005) , was used to compare the glycoproteins between the WT and Osdgl1. A protein extract from 10-day-old seedlings was separated by SDS-PAGE and analysed with Con A. Immunoblot analysis revealed that the N-glycosylation defect was detected in the root tissues of Osdgl1 relative to that in WT roots (Fig. 5a, right) . However, no apparent N-glycosylation defect was observed in the aerial tissues of Osdgl1 compared with the WT (Fig. 5a, left) . We also detected the defective N-glycosylation of proteins in two independent lines of transgenic plants harboring genomic OsDGL1 in the mutant background, and it was demonstrated that complementation rescued the N-glycosylation defect in the Osdgl1 mutant ( Supplementary Fig. S3 ).
Matrix polysaccharides rather than cellulose in the cell wall was changed in the Osdgl1 mutant
The cell wall material was successively hydrolyzed with TFA (trifluoroacetic acid) and sulfuric acid, yielding two fractions containing, respectively, monosaccharide content of non-cellulosic polymers (TFA-soluble fraction) and cellulose (TFA-insoluble and H 2 SO 4 -soluble fraction) (Pagant et al. 2002) . To determine cell wall materials in Osdgl1 and the WT, TFA was removed by a rotary evaporator at 40 C. The residues were redissolved in 1 ml of MilliQ water. The monosaccharide component was determined by high-performance anion-exchange chromatography with pulsed amperometric detection using a PA20 column (Dionex) as described previously (Øbro et al. 2004) . As a result, the sugar composition was also comparable in the shoot of Osdgl1 and WT plants, but in root the sugar composition of fucose and rhamnose was increased, and glucose and xylose were decreased in the non-cellulosic polymers in Osdgl1 compared with the WT (Fig. 5c) . Other sugars also exhibited small but reproducible differences (Fig. 5c) .
The quantification of the cellulose content in Osdgl1 and WT seedlings indicates that the biosynthesis of cellulose is not altered in the mutant (Fig. 5b) , confirming that the growth defects in Osdgl1 are not the result of a cellulose deficiency. Taken together, these data demonstrate that matrix polysaccharides, rather than cellulose in the cell wall, were changed in the roots of the Osdgl1 mutant plants.
Discussion
In the present study, a leaky rice mutant Osdgl1 was isolated from a rice EMS-mutagenized population and the mutation is caused by loss of function of OsDGL1, the homolog of AtDGL1, encoding the dolichyl-diphosphooligosaccharide-protein glycosyltransferase 48 kDa subunit precursor (Lerouxel et al. 2005 ). The Atdgl1 mutant was characterized by the change of matrix polysaccharides in the cell wall by an N-glycosylation defect which affects plant growth (Lerouxel et al. 2005 ). These authors found that DGL1, like its animal and yeast orthologs, is an essential protein involved in N-glycosylation in plants. N-Glycosylation is essential for normal growth and development of plants, and matrix polysaccharide synthesis can be equally or more sensitive than cellulose synthesis to defects in N-glycosylation depending on the developmental context (Lerouxel et al. 2005) . Similarly, we also found that N-glycosylation was defective in the roots of the Osdgl1 mutant plants, and matrix polysaccharides, rather than cellulose in the cell wall, were changed in the roots of the Osdgl1 mutant plants. These results suggest that OsDGL1 had a similar function in rice to that of its homolog AtDGL1 in Arabidopsis. In the rice genome, the dolichyl-diphosphooligosaccharideprotein glycosyltransferase 48 kDa subunit precursor was encoded by only one gene, OsDGL1. Although OsDGL1 is expressed ubiquitously in the rice plant (Fig. 4) , it showed high expression in root tissue. This indicates that the expression pattern of the gene might explain the loss of function in the roots of the Osdgl1 mutant plants rather than in the shoot.
N-Glycosylation occurs in the lumen of the ER and can be separated into three steps (Silberstein and Gilmore 1996, Helenius and Aebi 2001) . One of these steps is transferring glucose 3 -mannose 9 -N-acetylglucosamine 2 oligosaccharide to an asparagine residue in Asn-X-Thr/Ser motifs of a nascent peptide by OST. The defects in N-glycosylation cause the accumulation of unfolded or misfolded proteins in the ER. To survive ER stress situations, this organelle responds by triggering specific signaling pathways including the adaptive UPR (Patil and Walter 2001) . Therefore, defects in N-glycosylation can be expected to contribute to UPR. UPR was thought to be the cause of cell death and cell wall damage in the plants (Qin et al. 2008 , Liebminger et al. 2009 , Li et al. 2011 ). Here, we have shown that rice mutants with a defect in the key enzyme of protein N-glycosylation, OST, participating in the transfer of the conserved core oligosaccharide to the nascent polypeptide chain, leads to cell wall damage and cell death.
Cell wall-defective mutants often activate ectopic lignin biosynthesis (Rogers et al. 2005) . In this study, we also found ectopic lignin in the root of the Osdgl1 mutant where cell wall damage occurred (Supplementary Fig. S4 ). Furthermore, cell wall damage-induced lignin biosynthesis is regulated by ROS (Denness et al. 2011) . ROS occurred in the roots of the Osdgl1 mutant plants compared with WT seedlings where cell death occurred. ROS play important roles in many signal transduction pathways mediating responses to pathogen infection, abiotic stress, developmental regulation and programmed cell death in different cell types (Beers and McDowell 2001 , Apel and Hirt 2004 , Laloi et al. 2004 ). Plant cells actively produce ROS at low levels, but many stresses that disrupt cell homeostasis enhance ROS production. There is accumulating evidence to suggest that protein misfolding in the ER and production of ROS are closely linked. Recent findings demonstrate that excessive protein synthesis and unfolded protein accumulation in the ER lumen can cause oxidative stress (Malhotra et al. 2008 ). However, this area of ER stress is not well explored. In this study, the strong reddish-brown color of DAB staining was found in the Osdgl1 mutant root elongation zone, suggested that increased H 2 O 2 was produced and oxidative stress was occurring in the Osdgl1 mutant root (Fig. 2) (Van Aken et al. 2009 ). As we found that UPR also occurred in the Osdgl1 mutant root, this indicates that UPR is an underlying factor associated with the oxidative burst (Kaufman et al. 2010) .
The observed H 2 O 2 accumulated to the greatest extent at the root tip elongation zone, where cell death was observed by Evans blue staining. Emerging evidence indicates that some ROS species, such as hydrogen peroxide, are central regulators of cell death in plants (Moeder et al. 2002 , Rodriguez-Serrano et al. 2012 . This indicated that cell death caused by a defect in N-glycosylation in the roots of the Osdgl1 mutant plants may be via the formation of ROS. Meanwhile, previous work suggested that ROS-mediated signaling may cause cell wall damage (Hamann et al. 2009 ). Matrix polysaccharides in the cell wall were also changed in the roots of the Osdgl1 mutant plants; cell wall damage caused by a defect in N-glycosylation in the roots of the Osdgl1 mutant plants may also occur via the formation of ROS.
In conclusion, our data demonstrate that a leaky rice mutant for the OsDGL1 locus resulted in an N-glycosylation defect and thereby disrupted the synthesis of matrix polysaccharides in the cell wall and caused cell death in rice. It was also demonstrated that the ROS generated by the UPR played important roles in the synthesis of matrix polysaccharides in the cell wall and cell death in rice. However, further investigation is required to elucidate the signal transduction pathways underlying OsDGL1.
Materials and Methods
Plant materials and growth conditions
The rice (Oryza sativa) mutant Osdgl1 was isolated from an EMS-generated rice (O. indica, Kasalath) mutant library in culture solution prepared as described by Yoshida et al. (1976) . Seedlings were grown in a growth chamber at 30 C:22 C (day:-night) and 60-70% humidity with a photoperiod of 12 h.
Reactive oxygen species and cell death detection
In situ H 2 O 2 production was detected using an endogenous peroxidase-dependent staining procedure with DAB. Roots were detached and placed in a solution of 1 mg ml -1 DAB, pH 3.8, for 6 h. H 2 O 2 production was visualized as a reddish-brown coloration at the site of DAB polymerization. NBT was used to stain for the site of superoxide production (Carol et al. 2005) . Roots were covered with freshly made NBT solution (0.5 mg ml -1 NBT in 0.1 M potassium phosphate with 0.1 M NaCl at pH 7.0) for 2 h at room temperature for the color to develop. O À 2 was visualized as a blue color at the site of NBT precipitation.
Cell death was examined by using Evans blue, a compound that selectively enters the dead cells as a result of their freely permeable plasma membranes (Gaff and Okong'O-gola 1971) . The root tips of seedlings at 10 d after germination were submerged in 20 ml of 1% (w/v) Evans blue water solution for 10 min, washed with distilled water for 2 h, and then photographed.
Mapping and cloning of OsDGL1
For map-based cloning of the OsDGL1 gene, 1,354 F 2 mutants were selected from an F 2 population derived from a cross between the Osdgl1 mutant and Nipponbare (O. sativa L. japonica). The OsDGL1 gene was localized to a region of 103 kb between the STS7g5849k and STS7g5952k markers on chromosome 7. The primers for amplifying STS7g5849k were 5 0 -TGTCC CATTGTGGATCTATCTCTA-3 0 and 5 0 -CGGTTAATTTTAAGT CAAGGT-3 0 , and those for STS7g5952k were 5 0 -CACCGTGCT TCTCCAACATCGC-3 0 and 5 0 -ACGAGACACAGCCGAAGTTG AGTC-3 0 . Based on the phenotype of the mutant, the OsDGL1 gene was selected out of the 13 putative proteins coded by the 103 kb DNA region as a candidate gene. Genomic DNAs of the gene were amplified by PCR from the Osdgl1 mutant and WT plants for sequence analysis.
For sequencing of the mRNA of the OsDGL1 gene in the WT and Osdgl1, the forward and reverse primers are 5 0 -ACAAAACCT CCCCACGCC-3 0 and 5 0 -GGTGCTCTAGATTGCGCTACAAA-3 0 .
Complementation test
A 6.1 kb genomic DNA fragment containing the entire candidate gene (4,134 bp) and promoter of OsDGL1 was amplified by PCR and inserted into the binary vector pCAMBIA1300 using XbaI and NcoI. The constructs were transformed into mature embryos developed from seeds of Osdgl1 via A. tumefaciens EHA105 as in the previously described method (Chen et al. 2003) . OsDGL1 gene-specific forward and reverse primers are 5 0 -AAATCTAGACTTTCCTTGGAGGGGTGATA-3 0 and 5 0 -AAA CCATGGATTTGTGGTACAGGTACACAAATGA-3 0 .
Construction of proOsDGL1:OsDGL1:GUS A 6.1 kb genomic DNA fragment containing the entire candidate gene (4,134 bp) and promoter of OsDGL1 was amplified by PCR and inserted into the binary vector pCAMBIA1300NH-plus GUS using XbaI and NcoI. The constructs were transformed into mature embryos developed from seeds of Osdgl1 via A. tumefaciens EHA105 as described above. OsDGL1 gene-specific forward and reverse primers are 5 0 -AAATCTAGACTTTCCTTGGA GGGGTGATA-3 0 and 5 0 -AAACCATGGATTTGTGGTACAGGT ACACAAATGA-3 0 .
Histochemical analysis and GUS assay
Histochemical GUS analysis was performed according to Jefferson et al. (1987) . Plant samples were incubated with X-gluc at 37 C. After staining, the tissues were rinsed and fixed in formalin-acetic acid-alcohol (FAA) for 24 h, embedded in Spurr resin, and sectioned. Sections (5 mm) were mounted on slides and photographed.
Immumoblot analysis
The concentration of extracted total soluble proteins was determined with Bradford's assay. After boiling for 5 min, equal protein samples were separated by 15% SDS-PAGE and transferred to a Hybond-ECL nitrocellulose membrane (Amersham Biosciences, http://www.amersham.com/). The membranes were blocked and incubated with a peroxidaseconjugated Con A reagent. The bands were visualized by enhanced chemiluminescence reagents (Santa Cruz Biotechnology) and exposed on X-ray film (Yue et al. 2010 ).
Cell wall isolation
Approximately 100 mg of rice material was ground into a fine powder in liquid nitrogen and the powder was put in a 2 ml screw cap tube to which 70% aqueous ethanol (1.5 ml) was added for enzyme inactivation. After centrifugation (10,000 r.p.m., 10 min) of the homogenate, the pellet was extracted with chloroform/methanol (1.5 ml 1:1, v/v) to remove lipid and protein. For the removal of starch, the sample was incubated overnight at 37 C in 0.1 M sodium acetate buffer (1.5 ml pH 5.0) containing amylase (35 ml, 50 mg ml -1 , Sigma), pullulanase (17 ml, 18.7 U, Sigma) and sodium azide (35 ml, 0.01%). The sample was then washed with 1.5 ml of water three times and acetone once, and evaporated in acetone at 35 C until dry. The dried material represented isolated cell wall.
Monosaccharide and cellulose measurement
Cell wall samples were hydrolyzed in 2 M TFA for 1 h at 120 C. The TFA-soluble fraction was non-cellulosic polymers and the TFA-insoluble fraction contained cellulose (Pagant et al. 2002) .
TFA was removed by using a rotary evaporator at 40 C. The residues were re-dissolved in 1 mk of Milli-Q water. The monosaccharide component was determined by high-performance anion-exchange chromatography with pulsed amperiometric detection using a PA20 column (Dionex) as described previously (Øbro et al. 2004) . Monosaccharide standards, L-fucose, L-rhamnose, L-arabinose, D-galactose, D-glucose and D-xylose, were purchased from Sigma. A standard curve was performed before analysis of each batch of samples.
For cellulose measurement, 1 ml of Updegraff reagent (acetic acid:nitric acid:water, 8:1:2, v/v) was added to the TFA-insoluble material in a 2 ml screw cap tube and heated at 100 C for 30 min. As a result of this treatment, only crystalline cellulose remained insoluble in the pellet. Samples were centrifuged (10,000 r.p.m., 15 min) after cooling in ice. The pellet was washed with water (1.5 ml) once and acetone (1.5 ml) three times, and dried in air. Then 72% sulfuric acid (175 ml) was added for the complete hydrolysis into glucose, and the tube was incubated at room temperature for 30 min, vortexed and incubated for another 15 min. An 825 ml aliquot of water was added and the sample was centrifuged (10,000 r.p.m., 5 min). Then 10 ml of each sample supernatant, 90 ml of water and 200 ml of freshly prepared anthrone reagent (2 mg of anthrone per ml of concentrated sulfuric acid) was added to a microtitre plate. The absorption of the plate was measured at 625 nm using a microtiter plate reader (BIORAD xMAK). The crystalline cellulose content was calculated based on the standard curve (Updegraff 1969 ).
Histochemistry analysis of lignin
Phloroglucinol staining of roots of WT and Osdgl1 plants at 10 d after germination was carried out as follows: samples were placed in a 1% phloroglucinol-HCl solution for 10 min, mounted in 50% glycerol, 6 N HCl, and observed immediately.
RNA preparation and semi-quantitative real-time PCR
Each RNA sample was extracted with Trizol. cDNA was synthesized using a first-strand cDNA synthesis kit (Invitrogen). The primers used in semi-quantitative real-time PCR analyses were as follows: OsDGL1 forward 5 0 -AAATGAGCCTGGCATGTA CC-3 0 , OsDGL1 reverse 5 0 -GACAGTGTCTTCAGAA CATAAG GG-3 0 , Actin forward 5 0 -CAACACCCCTGCTATGTACG-3 0 , and Actin reverse 5 0 -CATCACCAGAGTCCAACACAA-3 0 . The PCR conditions were set as follows: 95 C for 5 min, followed by 28 cycles of 95 C for 30 s, 58 C for 30 s, and 72 C for 30 s.
Supplementary data
Supplementary data are available at PCP online. 
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